The high cost of the platinum-based cathode catalysts for the oxygen reduction reaction (ORR) has impeded the widespread application of polymer electrolyte fuel cells. We report on a new family of non-precious metal catalysts based on ordered mesoporous porphyrinic carbons (M-OMPC; M 5 Fe, Co, or FeCo) with high surface areas and tunable pore structures, which were prepared by nanocasting mesoporous silica templates with metalloporphyrin precursors. The FeCo-OMPC catalyst exhibited an excellent ORR activity in an acidic medium, higher than other non-precious metal catalysts. It showed higher kinetic current at 0.9 V than Pt/C catalysts, as well as superior long-term durability and MeOH-tolerance. Density functional theory calculations in combination with extended X-ray absorption fine structure analysis revealed a weakening of the interaction between oxygen atom and FeCo-OMPC compared to Pt/C. This effect and high surface area of FeCo-OMPC appear responsible for its significantly high ORR activity.
catalysts at 0.8 V (vs. reversible hydrogen electrode, RHE) 37 instead of 0.9 V, at which Pt-based catalysts are commonly gauzed 3 .
Here we report on a simple approach to scalable and highly reproducible synthesis of a new family of non-precious metal catalysts -self-supported, transition metal-doped ordered mesoporous porphyrinic carbons (M-OMPCs) -which exhibit Pt-like catalytic activity for the ORR. The M-OMPC catalysts were prepared by nanocasting ordered mesoporous silica (OMS) templates with metalloporphyrin precursors, and were constructed with three-dimensional networks of porphyrinic carbon frameworks. Our synthetic strategy for the non-precious metal catalysts included a multitude of advantages that would be favourable to PEFC applications. First, our synthetic route is amenable to simple and mild experimental conditions. Previous approaches to non-precious metal-based M-N-C (M5 Fe or Co) catalysts relied, in most cases, on the use of two or three separate sources for metal, nitrogen, and carbon [8] [9] [10] [11] . Furthermore, to obtain high ORR activity, employing multiple pyrolysis steps or toxic ammonia gas was unavoidable [16] [17] [18] [19] [20] . In contrast, our method could produce M-N-C catalysts from a single metalloporphyrin precursor in a single pyrolysis step under inert atmosphere without using ammonia gas. Second, the pore size and connectivity of the M-OMPC catalysts were tuneable by utilizing OMS templates with different pore sizes and structures. Third, the synthesis of the M-OMPC catalysts could be readily scaled up, with the preservation of structural integrity, to a few tens of grams in a single batch. Fourth, well-developed, hierarchical micro-mesoporosity would be advantageous for efficient transport of fuels and by-products. Finally, the M-OMPC catalysts showed very high surface areas, which could significantly increase the density of the catalytically active sites accessible to reactants. Among the family of M-OMPC catalysts, the Fe and Co co-doped OMPC (FeCo-OMPC) showed an extremely high electrocatalytic activity for ORR in acidic media. To our knowledge, its ORR activity is one of the best among the non-precious metal catalysts reported in the literature, and even higher than the state-of-the-art Pt/C catalyst by 80% at 0.9 V (vs. RHE). In addition, the FeCo-OMPC showed superior long-term durability and methanol-tolerance in ORR, compared to the Pt/C. Density functional theory (DFT) calculations coupled with extended X-ray absorption fine structure (EXAFS) analysis revealed a weakening of the interaction between oxygen atom and FeCo-OMPC compared to Pt/C. We attribute the high ORR activity of the FeCo-OMPC to its relatively weak interaction with oxygen as well as the high surface area design of catalyst.
Results
Synthesis and structural characterization of M-OMPC catalysts. Figure 1a schematically shows our synthetic strategy based on a nanocasting method for the preparation of the M-OMPC catalysts using OMSs as hard templates [see details in the Supplementary Information]. The nanocasting method has proven to be very effective for generating nanoporous carbon structures [38] [39] [40] [41] . As representative examples, 1 g of a metalloporphyrin precursor was mixed with 1 g of the SBA-15 template ( Supplementary Fig. S1 ), and the mixture was pyrolysed at 800uC under nitrogen. The use of 5,10,15,20-tetrakis(4-methoxyphenyl)-21H,23H-porphine iron(III) chloride (FeTMPPCl), 5,10,15,20-tetrakis(4-methoxyphenyl)-21H, 23H-porphine cobalt(II) (CoTMPP), or a 151 (mass ratio) mixture of FeTMPPCl and CoTMPP as precursors afforded Fe-OMPC, Co-OMPC, or FeCo-OMPC, respectively. The transmission electron microscopy (TEM) image of the FeCo-OMPC ( Fig. 1b) clearly showed that uniform carbon nanorods of 10 nm in diameter were arranged in a honeycomb-like hexagonal structure, with uniform mesopores being generated between the carbon nanorods. This clearly indicates that the SBA-15 silica template was faithfully replicated into a negative replica, FeCo-OMPC. Interestingly, the TEM image of the FeCo-OMPC before the etching of the SBA-15 template ( Supplementary Fig. S2 ) contained crystalline FeCo particles 10-20 nm in diameter. We suppose that during high-temperature pyrolysis, the Fe and Co atoms in the metalloporphyrin precursors were progressively converted to metallic nanoparticles, with the latter being almost removed during the HF washing step. The TEM images of the final FeCo-OMPC sample indicated no formation of metallic particles, although the possible existence of very small metallic particles (, 1 nm) cannot be ruled out. The low-angle X-ray diffraction patterns of M-OMPCs ( Supplementary Fig. S3 ) exhibited three distinct diffraction lines corresponding to the (100), (110), and (200) planes of the hexagonal mesostructure. The nitrogen adsorption analysis of the FeCo-OMPC ( Supplementary Fig. S4a ) revealed that the catalyst had well-developed mesoporosity and high surface areas. The pore size distribution curve of the FeCo-OMPC ( Supplementary Fig. S4b ) analysed by the Barrett-Joyner-Halenda and the Horvath-Kawazoe methods showed peak maxima at 4.9 nm (mesopore) and 0.5 nm (micropore), respectively. The high porosity of FeCo-OMPC stemming from the hierarchical micromesopores provided a very high Brunauer-Emmett-Teller (BET) surface area of 1,190 m 2 g 21 and a total pore volume of 1.40 cm 3 g 21 ( Supplementary Table S1 ). The nanocasting employing metalloporphyrin precursors is general, and could be extended to other OMS templates; the nanocasting using MSU-F silica with large, spherical mesopores and KIT-6 with cubic Ia3d mesostructure yielded large pore (ca. 20 nm) FeCo-OMPC(L) ( Supplementary Fig. S5 and Table S1 ) and FeCo-OMPC(C) with gyroid mesostructure (Supplementary Fig. S6 and Table S1), respectively.
We analysed the distribution and chemical states of the elements in the FeCo-OMPC. The high angle annular dark field scanning transmission electron microscopy (HAADF STEM) image ( Fig. 1c ) showed bright dots corresponding to heavy elements (Fe and Co), which were uniformly distributed over a single particle. Furthermore, an electron energy loss spectroscopy (EELS) spectrum ( Fig. 1d ) acquired at the red spot in Figure 1c clearly indicated the presence of C, N, O, Fe, and Co. The X-ray photoelectron spectroscopy (XPS) survey spectrum of the FeCo-OMPC ( Supplementary  Fig. S7a ) also revealed the presence of C, N, O, Fe, and Co on the surface of the catalyst. The detailed analysis of the N 1s spectrum ( Supplementary Fig. S7b ) showed three peaks centred at 398.2, 399.8, and 401.8 eV, which could be associated with pyridinic, pyrrolic or metal-N, and graphitic groups, respectively. Inductively coupled plasma-optical emission spectroscopy analysis and CHNS elemental analysis indicated that the amounts of Fe, Co, and N in the FeCo-OMPC pyrolysed at 800uC were 2.5, 2.3, and 5.4 wt%, respectively.
ORR activity and durability of M-OMPC catalysts. We next explored the electrocatalytic activity of the M-OMPC catalysts along with reference catalysts using rotating ring-disk electrode (RRDE) measurements in 0.1 M HClO 4 solution (Fig. 2 ). In general, M-OMPC catalysts showed very high ORR activity, compared to other catalysts. Of the various M-OMPC catalysts, FeCo-OMPC pyrolysed at 800uC under N 2 showed the highest ORR activity. FeCo-OMPC showed on-set and half-wave potentials at 1.000 V and 0.851 V, respectively ( Fig. 2a) , and its kinetic current density at 0.9 V, calculated after correction for diffusion-limited current, was 2.42 mA cm 22 (Fig. 2b) . Significantly, such a high ORR activity of the FeCo-OMPC catalyst was remarkably reproducible, which was verified by very low standard deviations of kinetic data obtained with 30 sample batches of FeCo-OMPC ( Supplementary  Table S2 ). The other M-OMPC catalysts also showed very high electrocatalytic activities for ORR. The large pore FeCo-OMPC(L) and monometal-doped Fe-OMPC and Co-OMPC catalysts exhibited ORR polarisation curves similar to that of FeCo-OMPC, with their half-wave potentials being shifted to lower potentials by only less than 45 mV, compared to that of the FeCo-OMPC ( Fig. 2a ). We note that the synergistic effect of two different metal centres (Fe and Co) in enhancing ORR activity was also observed in previous studies 20, 25, 32 .
The very high ORR activity of FeCo-OMPC catalyst for the ORR was remarkable, and a comparison with previously reported catalysts indicates FeCo-OMPC as one of the best non-precious metal ORR catalysts ( Supplementary Table S3 ), along with the recent result from Dodelet and co-workers 18 . The half-wave potential of the FeCo-OMPC was significantly shifted to positive potentials by 50 to 100 mV, compared to those of previously reported non-precious metal catalysts. Particularly, comparing the kinetic current density at 0.9 V, the FeCo-OMPC showed significant current density (2.42 mA cm 22 ) whereas the previous catalysts exhibited only negligible currents for ORR at this potential. Further comparison at 0.8 V where non-precious metal catalysts are commonly compared revealed that the kinetic current density of the FeCo-OMPC was up to 30 times higher than the other catalysts ( Supplementary Table S3 ).
We also compared the ORR activities of M-OMPCs with the reference catalysts. To identify the role of the metal atom (Fe or Co), we prepared a metal-free OMPC from 5,10,15,20-tetrakis(4-methoxyphenyl)-21H,23H porphyrin (TMPPH) precursor ( Supplementary  Fig. S8 and Table S1 ). The metal-free OMPC showed electrocatalytic current for ORR, but its on-set and half-wave potentials were markedly shifted to lower potentials, compared to those of the M-OMPC catalysts ( Fig. 2a ), suggesting a crucial role of metal atoms in catalysing oxygen reduction. Next, we measured the ORR activity of two metalloporphyrin-driven catalysts. The first sample was prepared by impregnating a mixed precursor of FeTMPPCl and CoTMPP onto a carbon black (KetjenblackH, KB) support, followed by pyrolysis at 800uC ( Supplementary Table S1 ) 27 . The ORR activity of the resulting FeCo-KB catalyst was significantly lower than the M-OMPC catalysts, as manifested by markedly lower on-set and half-wave potentials ( Fig. 2a ). The other metalloporphyrin-driven catalyst was prepared by a nanocasting method using amorphous silica particles (Cab-O-SilH, Cabosil) as a template and a mixture of FeTMPPCl and CoTMPP as a precursor, following the previous reports ( Supplementary Fig. S9 and Table S1 ) 25, 29, 30 . Thus prepared FeCo-Cabosil catalyst showed better ORR activity than the FeCo-KB catalyst, yet its on-set and half-wave potentials were negatively shifted by 100 mV, compared to FeCo-OMPC catalyst, indicating much inferior ORR activity. The ORR activity of these reference catalysts indicates that the important role of metal in catalysing ORR as well as high surface area and mesostructure of carbon support in enhancing ORR activity.
To assess the pathway of ORR over the M-OMPC catalysts, we measured ring currents, from which the number of electrons transferred during ORR was calculated. Figure 2c shows that the number of transferred electrons was above 3.9 over all potentials by the FeCo-OMPC catalyst, and the number approached 4 at a potential near 0.9 V. This clearly indicates that ORR catalysed by the FeCo-OMPC followed a 4-electron pathway, which is typically shown by the Pt/C catalyst 3 .
We further compared the ORR activity of the FeCo-OMPC with the Pt/C (20 wt% Pt supported on Vulcan carbon, E-TEK) catalyst. We found that the very high activity of the FeCo-OMPC was even www.nature.com/scientificreports better than the Pt/C catalyst (Fig. 3a,b and Supplementary Fig. S10 , Table S4 ). The ORR activity measured with a very slow scan rate of 1 mV s 21 , under which the contribution from the capacitive current could be virtually excluded, higher ORR activity for the FeCo-OMPC catalyst over Pt/C was clearly observed (Fig. 3a) . Importantly, the kinetic current density of the FeCo-OMPC at 0.9 V (1.80 mA cm 22 ) surpassed that of the Pt/C catalyst (1.00 mA cm 22 ) by 80% ( Fig. 3b and Supplementary Table S4 ). The half-wave potentials of the two catalysts were 0.845 V and 0.840 V for the FeCo-OMPC and Pt/C, respectively. The FeCo-OMPC catalyst also showed very high electrocatalytic activity in an alkaline medium. The ORR polarisation curve of the FeCo-OMPC catalyst in 0.1 M KOH was nearly identical to that of the Pt/C catalyst ( Supplementary Fig. S11 ).
For the sustainable use of fuel cell electrocatalysts, their long-term durability is critical. We explored the durability of the FeCo-OMPC catalyst by cycling the catalysts 10,000 times between 0.6 and 1.0 V (vs. RHE) at a scan rate of 50 mV s 21 , following the accelerated durability test protocol of the U.S. Department of Energy (DOE) 37 . The changes in half-wave potentials as well as kinetic current densities between the cycling tests indicated that the FeCo-OMPC catalyst exhibited superior durability over the Pt/C catalyst. After cycling 10,000 times with N 2 bubbling the FeCo-OMPC catalyst underwent a negative shift of 24 mV in half-wave potential, whereas the Pt/C catalyst showed a negative shift of 45 mV ( Supplementary Fig. S12 ). Under O 2 bubbling conditions, negative shifts of 30 and 65 mV in the half-wave potentials were observed for the FeCo-OMPC and the Pt/C catalysts, respectively ( Fig. 3c and Supplementary Fig. S13 ). Before the cycling tests, the FeCo-OMPC showed a kinetic current density of 2.44 mA cm 22 at 0.9 V, which was higher than the Pt/C catalyst (1.76 mA cm 22 ) by 39% ( Fig. 3d ). After cycling 10,000 times under O 2 , the performance gap between the two catalysts increased even further: FeCo-OMPC (1.31 mA cm 22 ) exhibited an almost sixfold higher ORR activity than Pt/C (0.23 mA cm 22 ) (Fig. 3d ). The better durability of the FeCo-OMPC catalyst may stem from its higher tolerance to the agglomeration of metallic species. We next addressed the tolerance of the FeCo-OMPC catalyst against poisoning with fuel molecules, which is directly relevant to its potential use in direct alcohol fuel cells. The ORR polarisation curve of the FeCo-OMPC in the presence of 0.5 M methanol ( Supplementary Fig. S14 ) exhibited only a small shift of half-wave potential (30 mV). In contrast, the Pt/C catalyst showed a significant negative shift (305 mV) owing to the poisoning of the surfaces of the Pt nanoparticles by CO, the decomposition product of MeOH 21, 42 .
Discussion
In order to analyse the structure of highly active catalysts for ORR, we investigated the local structure of the FeCo-OMPC catalyst with EXAFS and X-ray absorption near edge structure (XANES) analysis. The comparison of XANES spectra ( Supplementary Fig. S15 ) revealed that the square-planar D 4h local symmetry shown by model compounds (Fe-phthalocyanine for Fe, and CoTMPP for Co) was broken down in the FeCo-OMPC catalyst, possibly due to the additional coordination along the axial direction. The radial distribution functions (RDFs) for the Fe (Fig. 4a) and Co (Fig. 4b ) K-edge EXAFS spectra provided more detailed evidence for the breakdown of the square-planar symmetry in the FeCo-OMPC catalyst. The RDF of Fe K-edge of the FeCo-OMPC catalyst showed two newly evolved FT peak features, compared to model compounds, that could be assigned to an additional oxygen molecule coordinated in the axial direction on the central Fe atom, with a shorter O 1 and longer O 2 , respectively. On the other hand, the RDF of Co K-edge showed a single axial-coordination by the oxygen atom (OH). It is noteworthy that the distinct FT peak at around 4.3 Å at the Fe K-edge RDF corresponded to the chemical bonding interaction of Fe-(O 2 )-Fe by way of the oxygen molecule as a pillaring element between the interlayers, which is similar to the structure of face-to-face porphyrin-based ORR catalyst 43 . Based on the EXAFS curve-fitting results, structural parameters around each metal, including bond distances and coordination numbers were obtained and summarized in Table S5 .
We then constructed several models ( Supplementary Fig. S16 ) for DFT calculations based on the experimental findings. On the basis of the EXAFS data, DFT calculations using bilayer Model III suggested that the Co centres were connected with OH (, 0.98 Å ), while the Fe centres were connected with OO (, 1.40 Å ) (Fig. 4c ). We found that the averaged M-M distance of the 2-layer model (Model III) was , 4.6 Å , which was in good agreement with the EXAFS results as well as the HRTEM observation of interlayer distances (4.8 Å ) within the FeCo-OMPC frameworks ( Supplementary Fig. S17 ). We carried out DFT calculations to elucidate the enhanced ORR activity of the FeCo-OMPC catalyst compared to those of Fe-OMPC, Co-OMPC, and Pt/C catalysts. We adopted the binding energy of atomic oxygen (BO) as a descriptor for calculating ORR activities 44 . Two oxygen atoms were placed at the active metal sites on the surface [see Supplementary Information for details]. First, we used a small bilayer (0001) surface generated from Model IV bulk structure. The change of the metal centres and bridging species from the mixed FeCo-OMPC to pure Fe-or Co-OMPC led to strengthened O-surface interactions (-3.14 eV/atom for FeCo-OMPC and -4.94 eV/atom and -4.02 eV/atom for Fe-OMPC and Co-OMPC, respectively) ( Supplementary Fig. S18 and Table S6 ). Furthermore, we found that Fe more strongly binds O than Co on FeCo-OMPC (-3.52 eV versus -2.79 eV, respectively). This indicates that a proper mixing of Fe and Co decreased the binding energy of oxygen. It is well known that a slight weakening of the O interaction with catalyst surfaces is a key factor in down-shifting of the d-band centres, thereby increasing the ORR activity 45 . In a further comparison with Pt(111) using a more realistic Model II surface (Fig. 4d) , the FeCo-OMPC catalyst (-3.33 eV/atom) showed a slight decrease in BO from that of Pt(111) (-3.58 eV/atom), indicating an enhanced ORR activity of the FeCo-OMPC catalyst over Pt(111).
Based on the results from various characterization methods and the DFT calculation, the very high activity of M-OMPC catalysts, particularly FeCo-OMPC, appears to originate from a combination of several factors. The nanocasting from OMS templates afforded ordered mesoporous catalysts with very high surface area, wherein the number of porphyrinic active sites could be enlarged. The direct conversion of porphyrin precursor inside the nanopores of the OMS template allowed for catalytically active M-N bondings intact in the final carbogenic structures, as proved by EXAFS. In addition, the combined use of two different metal centres (Fe and Co) could endow synergistic effect in FeCo-OMPC, which was manifested as weakened interaction with oxygen, compared to monometal-doped OMPCs and Pt(111) surface.
We carried out preliminary single cell tests for a PEFC that employed the large pore FeCo-OMPC(L) as a cathode catalyst. The open circuit voltage of single cell was 0.98 V under pure oxygen condition. The current density and power density of the single cell at 0.6 V were 513 mA cm 22 and 0.308 W cm 22 , respectively (Fig. 5a ). The volumetric activity at 0.8 V (Fig. 5b) , obtained from the intersection of the extrapolated Tafel slope (dashed line) with the 0.8 V axis, was 131 A cm 23 (solid red circle), which showed a high possibility of achieving the US DOE's target of FY 2017 37 . We also performed long-term durability test using FeCo-OMPC(L) catalyst as a cathode ( Supplementary Fig. S19 ). At an operating voltage of 0.5 V, the single cell showed an initial current density of 0.5 A cm 22 . The single cell underwent a drop in current density until 40 h under operation, yet after which it showed steady current density at 0.2 A cm 22 . These PEFC single cell results need improvement in terms of both activity and durability.
In summary, we have presented a new family of electrocatalysts based on the ordered mesoporous porphyrinic architecture, which showed a very high ORR activity in an acidic medium that compares favourably to Pt/C catalysts. We attribute the high activity of the FeCo-OMPC catalyst to its weak interaction with oxygen, its high surface area that can expose a high density of active sites, and the use of porphyrin precursors. The M-OMPC catalysts also showed enhanced durability and poison-tolerance, compared to the Pt/C catalysts. Significantly, we point out that the synthetic route to M-OMPC catalysts is very simple and general and is amenable to large scale synthesis. Recent years have witnessed a rapid progress in the development of electrocatalysts for ORR. For instance, nanoparticles composed of a Pt monolayer on PdAu core 46 , intermetallic Pt-Co nanoparticles 47 , and mesostructured PtNi thin films 48 have demonstrated significantly improved ORR activity and durability in acidic media. We believe that, along with these new catalysts, the M-OMPCs could emerge as highly promising ORR catalysts. Furthermore, the design concept towards enhanced electrocatalytic performances presented in this work could be extended to other electrocatalytic reactions in energy devices, such as metal-air batteries and electrolyzers.
Methods
Synthesis of catalysts. Synthesis of catalysts M-OMPC catalysts were synthesized by a solid-state nanocasting method 49,50 that used OMS as a template and FeTMPPCl (Porphyrin Systems) and CoTMPP (TCI) as precursors. Calcined OMS (1.0 g) was mixed with the precursor (1.0 g), and the mixture was ground for 10 min in a mortar and transferred to an alumina crucible. The mixture was subsequently heated at temperatures ranging from 600uC to 1000uC with a ramping rate of 2.5uC min 21 , and was held at a specific temperature for 3 h under nitrogen flow. The resulting carbonsilica composite was then washed twice with 10% HF (J. T. Baker) at room temperature for 1 h to remove the OMS template.
Electrochemical characterisation. The electrochemical characterization of the catalysts was performed using an IviumStat electrochemical analyser. The characterization experiments were performed at room temperature (25uC) using a three-electrode electrochemical cell. A Pt-wire counter electrode separated by fritted glass and an Ag/AgCl reference electrode were used. All potentials in this study were reported with respect to the RHE. A rotating ring-disk electrode (RRDE) was used as a working electrode. The RRDE was polished with a 1.0 mm alumina suspension and then with a 0.3 mm suspension to afford a mirror finish. The catalyst (30 mg) was mixed with deionized (DI) water (0.1 mL), ethanol (1.01 mL), and NafionH (0.075 mL, 5 wt% in isopropanol, Aldrich). The resulting slurry was ultra-sonicated for 30 min to generate a catalyst ink. The ink (3.0 mL) was pipetted onto the 0.126 cm 2 glassy carbon electrode, resulting in a catalyst loading of 596 mg cm 22 . Before the electrochemical measurements, the catalyst was cleaned by cycling the potential between 0 and 1.2 V at 100 mV s 21 for 50 cycles using a N 2 -saturated 0.1 M HClO 4 solution as an electrolyte. Cyclic voltammetry (CV) was performed over voltages ranging from 0 to 1.2 V at a scan rate of 20 mV s 21 using a N 2 -saturated 0.1 M HClO 4 electrolyte. ORR activity was recorded in O 2 -saturated 0.1 M HClO 4 electrolyte with linear sweep voltammetry (LSV) performed for voltages ranging from 1.1 to 0.2 V at a scan rate of 5 mV s 21 . The disk rotation speed was 100-2500 rpm. Commercial 20 wt% platinum on VulcanH carbon black (Pt/C, E-TEK) was measured for comparison. The catalyst ink was prepared as follows. The Pt/C catalyst (5 mg) was mixed with DI water (0.1 mL), ethanol (1.07 mL), and NafionH (0.013 mL). Other experimental conditions were the same as for the M-OMPC catalysts, except that ORR activity data were collected from anodic sweeps. The durability tests were performed on the catalysts by cycling the electrode potential between 0.6 and 1.0 V at 50 mV s 21 for 10,000 cycles.
